A psychrophilic protease-producing bacterium, HW08, was isolated from sediment of the Yellow Sea in eastern China. On the basis of 16S rDNA sequence analysis and physiological properties, the isolate was identified as Pseudomonas lundensis. The secreted protease, named Ps5, was purified from the culture supernatant as a monomer with an apparent molecular mass of 46 kDa on SDS-PAGE. As a metalloprotease (inhibited by EDTA), the enzyme showed maximum activity at 30 C at pH 10.4. It had no activity loss exposed at 4 C for 60 d or under repeated freezing and thawing. Broad temperature (25-40 C) and pH (7.0-11.0) stability was observed in the presence of 5 mm Ca 2þ . Furthermore, the enzyme was resistant to detergent additives such as non-ionic surfactants and bleaches. It showed considerable potential for industry that requires alkaline-protease.
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Proteases play important roles in physiological and industrial processes. The capability of degrading protein efficiently causes them to be widely used in commercial applications such as in the leather, food, detergent industries, etc.
1) Cold-active enzymes, which characterized by a specific activity higher than the mesophilic counterpart over a temperature of range roughly 0-30 C, 2) can potentially be used for energy-efficient industrial processes. 3) Information about the mechanisms by which cold active enzymes work has been obtained through comparison of mesophilic and thermophilic enzymes. 4, 5) In general, it is accepted that cold-adapted proteins are structurally more flexible, with a reduced number of stabilizing interactions. 6, 7) However, the number of known psychrophilic enzyme structures is still small, and further comparative studies with new psychrophilic enzymes should improve understanding of cold-adapted mechanisms on a molecular structure basis.
For the reasons cited above, new proteolytic enzymes have been isolated from microorganisms in different habitats. 3, 8) In this study, we isolated a psychrophilic bacterium, HW08, from sediment of the Yellow Sea in eastern China, identified as Pseudomonas lundensis based on its taxonomic characteristics and 16S rDNA sequence. Extracellular psychrophilic alkaline protease Ps5 from HW08 showed great potential for industrial applications and to explain the mechanism of coldadapted protease.
Materials and Methods
Phenotypic characterization and 16S rDNA based phylogenetic analysis. Phenotypic and biochemical characterizations were tested with a API 20E kit and standard techniques following Bergey's Manual of Determinative Bacteriology.
9)
16S rDNA gene was amplified by PCR using universal primers fD1 5 0 -AGAGTTTGATCCTGGCTCAG-3 0 and rP2 5 0 -CGGCTACCTT-GTTACGAC-3 0 . 10) Phylogenetic analysis was performed using MEGA4 11) after multiple alignment of data by ClustalX.
12)
Purification of Ps5. A culture of HW08, harvested at the early stationary growth phase, was centrifuged at 10;000 g for 30 min to obtain the supernatant as the protease source. Proteins precipitated at between 40% and 65% ammonium sulphate saturation. The precipitate obtained after centrifugation at 10;000 g for 30 min was suspended in distilled water and then ultrafiltrated with a 10-kD cut-off membrane. All these steps were carried out at 4 C. Purification to homogeneity was achieved by the fast protein liquid chromatography system (Ä KTA FPLC, Amersham, Uppsala, Sweden). Column SuperdexÔ 200 10/300GL was equilibrated with distilled water, and the 200 ml Ultrafitrate was loaded at a flow rate of 0.2 ml/min. Fractions were analyzed for proteolytic activity, and those with positive results were collected and filter-sterilized, then stored at À20
C. The protein concentration was determined by the method of Lowry et al. 13) using bovine serum albumin (BSA) as the standard.
Electrophoresis and zymograms. Polyacrylamide gel electrophoresis (SDS-PAGE) was carried out using a 5% w/v stacking gel and a 12% w/v separating gel. The sample was pre-precipitated with trichloroacetic acid (TCA), and then titrated with NaOH until its color turned from yellow to blue. Then it was heated at 95 C for 3 min and loaded on SDS-PAGE gel. After electrophoresis, the gel was stained in 0.01% w/v Coomassie Brilliant Blue in 50% methanol/10% acetic acid v/v, and destained in 20% v/v ethanol. Zymogram stain was performed by the method of Lundy et al.
14)
Standard conditions for proteolytic activity assay. Proteolytic activity was assayed using casein (Sigma, Shanghai, CHN) as the substrate. Enzyme solution (200 ml) was added to 200 ml of glycineNaOH (pH 10.4) buffer containing 1% casein, and incubated at 30 C for 10 min. The reaction was stopped by adding 400 ml 20% w/v TCA solution. After the preparation stood at room temperature for 10 min, the entire mixture was centrifuged at 12;000 Â g for 10 min. The acidy To whom correspondence should be addressed. Fax: +86-532-85819525; E-mail: sunmi@ysfri.ac.cn soluble material was estimated spectrophotometrically at 280 nm. The blank sample was made by adding TCA before the enzyme. The difference in optical density between the sample and the blank was used as the measure of proteolytic activity.
One protease unit was defined as the amount of enzyme that produces 1 mg of tyrosine in 1 min under the defined assay conditions. The standard curve of tyrosine was determined by the absorbance at 280 nm as a function of various concentrations of tyrosine, from 0 to 10 mg/ml.
Classification and optimization of Ps5. Purified protease was diluted 10-fold and pre-incubated with various concentration of protease inhibitors such as serine protease inhibitor (phenyl methyl sulphonyl fluoride, PMSF) and metalloprotease inhibitors (ethylene diamine tetra-acetic acid, EDTA, and ethylene glycolbis (2-aminoethylether)-N,N,N 0 ,N 0 -tetra-acetic acid, EGTA). After 30 min of preincubation at 30 C, residual protease activity was measured under the standard conditions mentioned above.
The optimal temperature was determined by incubating the reaction mixture (10-fold diluted enzyme and 1% casein) for 10 min at various temperatures ranging from 0 to 70 C. Optimal pH was observed by assaying the enzyme activity at different pH values ranging from 6.0 to 12.0 using the following buffer systems: KH 2 PO 4 -NaOH (pH 6.0-8.0), glycine-NaOH (pH 9.0-10.4), and Na 2 HPO 4 -NaOH (pH 11.0-12.0). All of the buffer concentrations were 50 mm.
Study of Ps5 stability. To test thermal and pH stability, 10-fold diluted enzyme was incubated for 2 h at various temperatures ranging from 25 to 40 C at pH 8 and in various pH levels ranging from 6 to 12 at 30 C, in the presence and the absence of 5 mm Ca 2þ ion. After incubation, the residual activity was measured under standard conditions. The activity of the enzyme without incubation was taken to be 100%.
To test the storage stability of Ps5, 500 ml of purified enzyme was stored at 4 C. Forty ml of enzyme was taken out at various intervals, after it was diluted 10-fold, the residual activity was assayed under standard conditions. The enzyme activity at the beginning was taken to be 100%. Stability against freeze and thaw was tested by freezing 500 ml enzyme at À20 C (10 min) and thawing it at room temperature (6 min). After thawing, 40 ml of enzyme was taken out, while the residual enzyme was continuously subjected to freeze and thaw. Then the enzyme removed was diluted 10 times, and the activity was assayed under standard conditions. The activity at the beginning without freezing and thawing was taken to be 100%.
The effects of various cations (AlCl 3 , BaCl 2 , CaCl 2 , CoCl 2 , CuSO 4 , FeCl 3 , FeCl 2 , KCl, Li 2 SO 4 , MgCl 2 , MgSO 4 , MnCl 2 , and ZnSO 4 ) were studied by pre-incubating diluted enzyme for 1 h in the presence of the above ions at 30 C. The concentration of all the salts was 10 mm. Then, residual activity was assayed under standard conditions and expressed as percentage of control to which no ion was added.
The influence of surfactants (Tween-20, Tween-80, Triton X-100, and SDS), solubilizer (Urea), and bleaches (H 2 O 2 ) on protease activity was studied by adding these reagents under standard measure conditions at various concentrations. The protease activities of the samples without any additive were taken to be 100%.
All the experiments were done 3 times independently. The standard error is indicated by vertical bars in the figures. The concentration of enzyme in each experiment was 0.03 mg/ml, diluted 10-fold from the stored enzyme, and the enzyme in all experiments was solved in distilled water.
Results and Discussion
Characterization and identification of the HW08 strain The 16S rDNA sequence of strain HW08 was a continuous stretch of 1,441 bp (GenBank accession no. FJ999660). The evolutionary history was inferred by the neighbor-joining method.
15) The phylogenetic tree showed that strain HW08 was phylogenetically related to species of Pseudomonas, and formed a clade with P. lundensis (Fig. 1) .
Pigments were not formed on nutrient agar, but a greenish tinge was observed due to the formation of fluorescent pigments. The temperature range for growth was 4 to 33 C. The optimal growth temperature was 25 C. Metabolism was respiratory and never fermentative. Poly-P-hydroxybutyrate did not accumulate as a carbon reserve material.
A comparison of the phenotypic characteristics obtained in this study with previously published data for other Pseudomonas species 16) is shown in Table 1 , which distinguished the isolates from phylogenetic relatives. The differences in flagella number, fluorescent pigments, utilization of casein, melibiose, LRhamnose and so on differentiated HW08 from its phylogenetic nearest relatives, such as P. fragi 16, 17) and P. chlororaphis, 18) as well as from other Pseudomonas species, 19) which further confirmed that strain HW08 belongs to Pseudomonas lundensis.
Enzyme purification Purification of protease Ps5 was achieved by a3 step protocol consisting of (NH 4 ) 2 SO 4 precipitation, ultrafiltration, and gel filtration. About 3 ml of enzyme solution was produced after gel filtration. The efficiency of purification for each step is shown in Table 2 . From a culture of 1 liter, approximately 25 mg of purified protein was routinely obtained in final yields of 20% along with a 14-fold in specific activity. Neighbor-joining tree based on 16S rDNA gene sequences (1441 bases) showing the phylogenetic relationships between HW08 and the closest neighbors of the genus Pseudomonas. The genus names Pseudomonas are abbreviated as P. Type stain and GenBank accession numbers are given. Bootstrap values (expressed as percentages of 500 replications) greater than 50% are given at the nodes. Aeromonas hydrophila was used as an out-group species.
The molecular mass of the purified protease on SDS-PAGE was estimated to be 46 kDa. In situ zymogram activity staining showed one clear zone of proteolytic activity against the blue background (Fig. 2) . The isoelectric point of the native protease was estimated to be 9.5 by isoelectric focusing on the non-denaturing gel (data not shown).
Effect of inhibitors on protease activity
Proteases can be classified by their sensitivity to various inhibitors. 1) Chelating reagents and groupspecific reagents were tested. As shown in Fig. 3 , the activity of Ps5 was strongly inhibited by EDTA. Only 40% of activity was maintained in the presence of 1 mm EDTA and no activity was detected in the presence of 10 mm EDTA. This indicates that Ps5 is a metalloprotease, as EDTA is a well-known metalloprotease inhibitor. EGTA had a weaker inhibiting effect on Ps5, which retained 38% activity at 10 mm EGTA. As EGTA is a Ca 2þ chelator, this indicates that Ca 2þ does not play a core role in the enzyme's activity.
PMSF, a well-known serine protease inhibitor, showed weak inhibition at 1 mm (98% of activity retained), but of a stronger inhibitive effect was evident at 10 mm (70% of activity was suppressed). This can be explained partly as a conformation change caused by covalent combination between PMSF and protein residues such as serine.
Temperature optima and thermal stability Purified Ps5 was active at temperatures ranging from 0 to 40 C, with optimum activity at 30 C (Fig. 4A ), while activity decreased rapidly above 30 C. Little activity was found at 50 C. The low optimum temperature for the enzyme can potentially be exploited in the food and detergent industries. 3) In comparison, mesophilic proteases such as subtilisin had a significantly higher temperature for optimum activity (Table 3) .
Ps5 was stable for 2 h at 25-40 C in the presence of 5 mm Ca 2þ . Without Ca 2þ , about 20% loss of the activity was found at [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] C and 50% of activity was lost at 40 C (Fig. 4B) . Thus, it can be deduced that Ca 2þ stabilized the enzyme's conformation. Moreover, 
þ, 90% or more of the strains are positive; d, 11-89% of the strains are positive; À, 90% or more of the strains are negative; v, strain instability; nd, not determined compared with other cold-adapted metalloproteases, Ps5 had a remarkable longer half-life at 40 C even without Ca 2þ (Table 3) . As shown in Table 3 , Ps5 was similar to PAP, which is secreted by strain Pseudomonas TAC II 18 isolated from frozen vegetables. But Ps5 showed a better stability at higher temperatures.
As shown in Fig. 5 , long storage at 4 C did not reduce the activity of Ps5. About 90% activity remained after 60 d. Neither did repeated freezing and thawing. After 4 cycles of freezing and thawing, 95% of activity was conserved. These characteristics are apparent advantages for the storage and transportation of the enzyme.
pH-optima and pH-stability profile The enzyme was highly active between pH 9.6 and 11.0, with an optimum around pH 10.4, but activity decreased rapidly above pH 11.0 (Fig. 6A) . As shown in Table 3 , Ps5 has the highest optimum pH among reported cold-adapted metalloproteases.
pH stability is shown in Fig. 6B . The enzyme retained half activity between pH 7.0 and 9.0 and decreased rapidly above pH 9.0 in the absence of Ca 2þ , while in the presence of 5 mm Ca 2þ , the stability of Ps5 showed a much wider range, from pH 7.0 to 11.0. Different pH changed the charges of the enzyme's active-site residues, which in turn affected the efficiency of catalysis. When protease is used as a detergent additive, the closer its pI approaches the working environment, the more cleaning capacity it shows. 29) Considering the high pI (9.5) of Ps5 and the wide range of pH-stability, especially when supplied with Ca 2þ , it has demonstrated potential for application in the detergent and leather industries and in waste management. of Purified Ps5. A, The temperature profile was determined by assaying enzyme activity at various temperatures (0-70 C) using 50 mm glycineNaOH buffer, pH 8. The maximum activity obtained at 30 C was considered to be 100%. B, The enzyme was pre-incubated at various temperatures for 2 h in the absence ( ) and the presence ( ) of Ca 2þ . Then the residual activity was determined under standard conditions. The enzyme activity without pre-incubation was considered to be 100%. The enzymes are ordered according to optimum pH. NR, not reported; M, metalloprotease; S, serine protease a Enzyme activity was measured under the stated temperature without regard to whether it was the optimum temperature. 
Effects of metallic ions
The effects of various metallic ions on the activity of the purified enzyme are shown in Fig. 7 showed moderate inhibition, 70%-85% activity remaining. Univalent ions such as Na þ , K þ , and Li þ did not reduce enzyme activity, and slight enhancement was observed, which may have been due to adaptation to the ocean environment.
Notably, the inhibition caused by Zn 2þ was contrary to many reports that Zn 2þ is a ligand cation enhancing metalloprotease activity, 5, [31] [32] [33] which may indicate a new catalytic pathway in the mechanism of Ps5. In addition, Ca 2þ lowered the activity of Ps5 but enhanced stability, as explained above. This might have been caused by more rigid molecular conformation when Ps5 bound to additional bivalent cation.
4)

Effects of detergent additives
The effects of detergent additives on the activity of Ps5 such as surfactants (Tween-20, Tween-80, Triton X-100, and SDS), solubilizer (urea), and bleaches (H 2 O 2 ), were studied by adding these reagents under standard measuring condition at different concentrations (Table 4) .
Enzymes are usually inactivated by surfactants. In the presence of 0.1% w/v SDS (anionic surfactant), the protease retained most of its activity, but 1% SDS totally inhibited Ps5. As for non-ionic surfactants, 5% v/v Tween-20 or Tween-80 reduced activity only to about half. However, Triton X-100 had a stronger effect, which reduced activity to 30% at a concentration of 1%. Ps5 also exhibited resistance against H 2 O 2 . One percent v/v H 2 O 2 enhanced the activity to 124%, but A, Activity at the beginning was taken to be 100%. B, Activity without freezing and thawing was taken to be 100%. 10% v/v H 2 O 2 reduced the activity only to 73%. Moreover, as a solubilizer, urea enhanced the activity to 112% even at a concentration of 10% w/v. Though Ps5 did not resist the anionic surfactant SDS, it is stable against other common detergent additives. With stability to anionic surfactants and bleach as improved by protein engineering, 34, 35) Ps5 is a candidate additive for detergent products.
Conclusion
A metalloprotease Ps5 was produced by Pseudomonas lundensis HW08. The optimum condition of Ps5 proteolysis activity was 30 C and pH 10.4, the lowest optimum temperature as compared with other alkaline proteases (Table 3) . Also, Ps5 showed an attractive stability against a wide range of pH and temperature in the presence of Ca 2þ . Though stability without Ca 2þ was not as notable as that with Ca 2þ , it has been reported that the stability as well as catalytic efficiency of a cold-active protease can be increased simultaneously via sitedirected mutagenesis. 36) Moreover, Ps5 resisted surfactants and bleaches to some extent. In view of Ps5's effective activity at low temperature and remarkable stability under different conditions, exploitation of it might be possible and might meet the energy-reserving and low-pollution requirements of modern industry. Purified enzyme activity was measured in the presence of various concentrations of various detergents under standard assay conditions. Activity is expressed as a percentage of the activity in the absence of additives.
